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A PRELIMINARYINVJISTIGATIONOF-BOUNDARY-LAYER

TRANSITIONALONG A FLAT PLATE WITH

ADVERSE PRESSUREGRADIENT!

By Albert E. von Doenhoff

SUMMARY
●

Boundary-layersurveyswere made throughoutthe tran-
sition region along a smooth flat plate placed in &n”atr
stream of practicallyzero turbulenceand with an adverse
pressure grac!ient.The boundary-layerReynoldsNumberat
the laminar separationpoint was varied from 1,800 to
2,600. ----- ..— .

. A

The test data, when consideredin the light of cer-
tain theoreticaldeductions,indicatedthat transition

● probably began with separationof the laminarboundary
layer. The extent of the transitionregion, definedas
the distancefrom a calculatedIaminar separationpoint
to the position of the first fully developedtur%ulent
boundary-layerprofile, could he expressedas a constant
Reynolds Number run of approximately70,000. Some specu-
lations are presented concerningthe applicationof tho
foregoing concepts,after certainassumptionshave been
made, to the pro%lem of the connection%etween transition
On the upper surfaceof an airfoil at high angles of at-
tack and the maximum lift.

INTRODUCTION

The effectsof the transitionfrom laminar to turbu-
lent boundary-layerflow on the aerodynamiccharacteristics
of %odies are known to be large. Reynolds? classic experi- —

ments concerningthe flow in pipes showed.that flow dist-
urbances and surfaceirregularitiesmake for early tran-s~~-”-—
tion. i$umerousinvestigatorshaye observed similaref-
fects of such disturbanceson the transitionfrom laminar
to turbulentboundary-layerflow. ....

.—.

.. ...
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Some steadyfnctorshatie.also been found to affect
the occurrenceof transition. Investigationsof the
boundarylayer along airfoil soc”tionsand airship forms
havo indicatedthat an adversep~essure gradientalong
the surfacetends t-ocause’early transition(reference1).
Tollmi,en(reference2) has shown.that-,for a perfect fluid,
S-shape velocitypiofiles such a~ exist in the prescnco of
an adversepressure””-gradientare unstable.

●

b

The purpose af the present-~nves_tigationwas to study .
tho nature of boundary-layertransitionIn the prosonceof
an aiivorscpressuregradientwith disturbinginfluences,
such as str~um turbulenceand su~faceroughness,reduced. to
nogligibloproportions.

Tho inpo~t-igationWag carriedout,witha smoothflat
plate in the pres~nc~ of an adv~fseprossurogradientvrith
practicallyzero air-stream,turbulence, The range of tho
te5t.s17CLG limitedby the availableequipmentto Compara-
tivoly law ReynoldsNumbars. The,range of ReynoldsNumticr
and of pressuregradientwas, however, sufficientto.in-
clude the conditionsthat exist n.ea.rthe nose of-an air-
foil at high angles of attack, ex~endinginto the full-

.

scale range. .Asan example.of the significanceof the re-
sults, they are analyzedin relation to the variationwith
ReynoldsNumbem of the maximum lift coefficientof th~

●

N.A.C.A.2412 airfoil section.

Boundal’y-layer’surveyswere made throughoutthe trans-
ition region. The ReynoldsNumber, based on the distance
from the leadingedge of the plate to the calculat~dsepar-
ation point, was varied from 74,000 to_1415,0C0.The cor-
respondingrange o~boundary-layer IleynoldsNug%Qrs at the
separationpoint is from R6 = 1,800 to- -R6 = 2,600. The
investigationwas carriedout in the N.A.C.A. smoke tun-
nel because of the lo-ivturbulence‘inthe air stream.

APPARATUSAiiIlXETEODS

A general vfew of the installationo~the apyaratus
in the tunnel is given in figurelx The flat plate was o-
monel metal and was 16 incheswide, 60 inches longs and
3/16 inch thick. The upper surfacbof t-heplate was pol-
ished and the leadingedge was rouhded for,smoo*hflow
entry. An adversepressuregradientwas obtainedby plac-
ing the plate in a divergingchannel.

—
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The entrance of the rectangular
plate was placed -ivasfa,iredfrom the
‘walls. The width of the channelwas

.
~0, 639 3

channelin which the
original smoke-tunn+el
16 inches for the en-

tire length of the plate and the height varie& from 6
inches at the leadingedge to 10 inches at “thetrailing
edge of the plate. In order to make the structurerigid,
the top and.bottom of the chmnnelwere made up of 3/16-
inch aluminumplates supportedfrom 2 by 2 by”l/4 inch du+
ralumin angles. The sides of the channelwere of plate
glass to make smoke-flowstudiospossi%le. ..

slots, 1/32 inch wide, for boundary-layercontrol
—.- ._

were located.at l-foot intervalsalong the channel to prq--
vent excessivethickeningand separationof the botindar$-”
layer on the sides,top, and bottom of the channelwalls,
A screen covering the downstreamend causedhigher pres-
suros,tooccur inside the channel than outside, thus forc-
ing part of the boundary-layerair to flow through the
slots. -. --------

The essentialelement of,the hoi-wireanemometer
used in making t_Qeboundary-layersurveyswas a fine ylat-
inum wire 2 inches long ?.nd.0.002 inch in diameter,silver-
solderedto two,flexiblebrass supportingpron~s of a
forked holder that kept the wire in tension. The holder
extended.through a hole in the top of the channel and was
clamped in a verticalmicrometer. .-

Figure 2 shows the electriccircuitused. The cur-
rent through the wire was maintainedconstantto within
1/4 percent by a current balance that held.the current at
a constant value independent,,rithin certainlimits, of
the resistanceof the wire and the ~alue of the line volt-
age. Tho current~?as~djust~d to ,thedesiredvalue by
means of the resistance RI. Velocitieswere detertiined
from variationsin the resistanceof the wire.

A pitot tube tTaS used ELS ~- standard for ca,librattng
the hot-n-ireanemometerad also for maintaininga COn~ “
stant tunnel air speed. The tube was of the standard
N.P,L. type and Was made accordingto the drawings in fig-
ure 5(a),of reference3. “Becauseof th–elow tunnel‘s>ee-ds,
a pressure multiplierhaving a ratio of ayprox”imately10”0:1
was used. The multipliedpressurenas-r-e~don a water fi~-
nctueter. ..

Calibrationsof the hot wire ver.eplotted in-.-t>~usual
form: -,

—

.—
—-—

.—._

—
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i2 R R. a
‘R - R. =

n.f-;?)fi

whore i is the currentthrough t-hehot wire,

R, resistanceof wire at air speed V.

R0’ resistanceof wire at ambient temperature.

a, temperaturecoefficientof resistanceof
hot wire.

v, air speed. “ --

a and b, constants.

Iriorder to avoid errors due;to changesin the cali-
bration, the wire was cali%ratodimmediatelyupon the com-
plt3tionof every run.

.

TESTS AND RllSULTS

The velocitydistributionover tho plate outside the
boundary layer was determinedfrom observat-ionsat th~
followingfive positionsalong the plate:

Station- - - - - - -- - A B CDE

Dtitanceback of laa~ing
edge, in. - - - - -- - 13~1/4 21 27 33 39

Figure 3 shows the Velocity”distributionovo’rth~
plate. The velocityjust outside the boundarylayer a?
any point along the plate U is given in terms of the
correspondingvel.o.cityU. at station A.

Bbundary+layersurveyswere made at stations A, K,
G, and D at each of three tunnel speeds.

The velocityinside the boundarylayer u, is plot-
ted against the distancefrom the $Iate y, in figures
4, 5, and 6.

Although the tests were made for only one value_of
the pressure gradient,i.tcan be shown by l?eynolds~law

.
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of similaritythat running the tests throughouta speed
r,angeis equivalentto running them thro-ughouta range of
pressure gradients. —.

PRECISION

The relativeaccuracy of individualobservationsis
dependentmainly upon the sensitivityof the measur~ngin-
struments. It is estimatedthat the relativeaccuracyof
the hot-wire measurementsof velocity is *2 percent. Be-
cause the calibrationof the hot lTirevaried considerably .
with time, the errors.inthe absolutevalues are somewhat
greater. As is stat~d above, this sourceof erro”rwas re-
duced to a minimumhy cali~ratingthe wiro immediately
upon t’aocompletionof every run.

Calibrationsof the pitot head given in refere;ce3
show that it reads the correctdynamic’pressure to””’ti-filii,n

t

1 percent over the range used. The pressures in~~ate-~--~y
it .cduldbe determinedWith an accuracy of tO.00Q3“inchof
water.

bfezsurenentsOf distancefrom the surfaceare acCUU
rate to within 30.002 inch. -- .—

DISCUSSION -.

The purpose of the first phase.of this discussionis
to present certaininferences~oncerningthe nature of
transitionfrom the relationsobservedin these tests.
Although it is realized that the experimentaldata at hatid
are insufficientto justify definiteconclusions,they do
give an insight into t~e nature of tran-sitionwh”enconsid-
ered in the light of certain.theortitical-deduct~ons;

r
Lamiaar region.- ln order to determinethe position

on t’heplate whero the lamins,rboiindiir-ylayer might be 8’x’*
pecied to separate,the laminarbound~ry-layercharacter-
istics nere calculatedby the von“KArm&n-Millikanmethod
(reference4) using the experimentallyo%t.ained+elocii:&
distributionover the plate. The calculations-show that
separation’occurswhen the veloc’ity”decreagesto 0.~98”‘o-f
its value at the leading edge of the plate. This value
correspondsto a distanceof 17.5 inches from the leading
edge. It is to be noted that-thepositiofi”of the eE+lcu-o. --- .:. -—~
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.

.
lated separationpoint is independentof the ReynoldsNum-
ber.

A comparisonof—t-hoexperimentaland calculatedveloc-
ity profilesat station A is given in figure 7. The re-

sults are plotted in the fmm u/u Ynagainst — L where

L is the distancefrom leadingedge OE
plate to laminar separationpoint.

R, ReynoldsNumber UL/v. .

v, the kinematicviscosity.

The experimentaldata for”all spetidswhen plotted in this
f-ormde<ine a singlecurve,which shows definitelythat
the boundarylayer at this point is ~amiriar.~he agree-
ment lctween the calculatedand ex’perimen~alprofil-esis
similar to that found in reference,5. The results of ref-
erence 5 show good agreementbettveenthe calculatedand
experimentals~parationpoints; it-is thereforereasonable .
t~ SUppQSEIthat the boundarylayer..an the plate will sep-
arate near the calculatedpositionk

●

tiitim regi~,- Large int~rmittentfluctuationsin
velocitywere o%serveciat station B fo~all tunnel speeds.
Similar fluctuationswere observedat the lower.tunnel
speeds at station C. It was found that the boundary-layer
thickness 5 increasedrapidlybetween stations A and C.
These results show that transition:must%egin between sta-
tions A anti 3 near”the point w~~re Iamlnar separation
is expected.

Observationsof tho smoke floq over the plate $howed
that the I)Oundary-layerflow Was smooth at leaet.as far
baak as the calculatedseparationpoint. As thg Reynolds
Number was changed,no large movement---ofthe”point where
transitionstartedwas apparent. ?o~ndary-layervelocity
profiles at t-helcwer speeds shotva region of relatively
quiet air next to the plate. These velocityprofiles and
the direct smoke-flowobservations“indicatethat,se~aration
Of the laminar boundarylayer actually takesplace locally
near tho calculatedpoint and thnt tr.a,nsitionis probably
caused by tho instabilityof the subsequentflow.

Examinationof the data shows that the po6itionalong
the surfacewhere the fully devolopbdturlmlentboundary
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layer first occurs varies with the Reynolds.Num%er. For
the h$ghest speed, the boundary-layerprofileat station
C is of the fully developedtufibulonttype. (See fig-s4
and 8.) $t the lowest speed,e,fully “de’relo@’edturbulent
profile occurs a short dist,ancedownstreamfrom station“~.
(See figs. 6 and 9.)

The direct smoke-flowobservationshaving indicated
that the transitionwqs closelyassociated.with and fol-”
lowed laninar separation,and the measu”rodyrofiles having
shown the.tthe distancerequired”to r@a-chthe fully deiGl-
oped turbulentlayer was affectedby the Reynolds Number,
a quantitativerelationhetweon separationand transition
17assought. In other words, an estimatewas attem-ptedof
the extent of the transitionregion, which was cons~d~~
to lie between the Iaminar sc3parationpoint an& tho pOsi-
ti~n where fully developedturbulentprofiles%ere o%-
served. The approximateposition Of th6”fully”de”velopcd

--—

turbulentprofile could _bedeterminedfrom th-esepro”Zia~--
na.ryexperimentsbut, unfortunately,those experiments
were not sufficientlyextensiveto permit the direct 10ca-
tion of the separationpoint. It was consideredjustifi-
able, however, to employ a calculatedseparationpoint
because the experimentalevidence&id.not con”flictwi=h-”
this locationand because the theory had previously%een
experimentallyverified. An estimate of the extent of the
transitionregion could thus be made and its’variation
with ReynoldsNumber studied.

The result suggestedthat the length of the transi-
tion region, definedas the distancefrom the laminar s6~”~--
aration point to the position of the first fully develop-ed
turbulentboundary-layermrofile, c~n %0-exjjressea as a“
constantReynolds Number ~f approximately70,000 thro-u@-
out the range of the tests.

The developmentof the turbulentboundarylayer can
be seen from a comparisonofthe velocityprofiles for the
different speedsat station C. (See figs. 4,,5, 6, and
8.) At the lowest speed, the veldcityprofile shows a re-
gion of relativelyquiet air next to tho plate. As tho
speed is increased, ‘The velocitythis region disa.ppearSZ__:
profile at this point is of the fully dovolope~turbu~onf
type at the highest speed.

l’?henplotted on logarithmicpaper (figs.8 and 9),
the experimentalpoints for the outer riine-tenthsof the.

.

—.

.

..

=
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fully d.evcl-opedturbulentvelocityprofiles fall on a
straightline fith a S1OPO of 1/6.4. Tho deviationof tho
points for the inner one-tenthof the boundary-layerthtck-
ness is an indicationof+he .exte.nt.ofthe laminar sulI-
Ln.yor.

Trom a summarizationof the results of the preceding
discussion, it seems likely that transitionoccurrgdin
the followingmanner. The boundary-layerflow was lami-
nar up to the laminar separationpoint: D.oivnstreamfrom
the scpnration,point,a region pf:relativelyquiet alr ox-
ist~d next to the plate over whic~ the outsideair con-
tinuod to flow. Because of the instabilityof such a SYSA
tt3m,turbulencestarted,finallyresultingin the devel-
opment of n turbulentboundarylayer. The extent of the
entire transitionregion, definedas th~ distancefrom
tho laminnr separation point to the position of–the first
fully dovolopedturbulentboundary-layerprofile, appears
to IJOapproximr.t-olyexprossodas & constaniReynolds Num-
ber

?s2= ‘70,000 :
v

whore us is tho velocityoutsido tho boundarylayer
at the laminar separationpoint.

x, the extent of the transitionregion.

In the secotidphasa-of the discussion,somo E!peCula-
tions ara prcsQntedconcerningthe qplication of tho
forogoingdeductionsto a practic+ prollem. The type of
transitiondescribedhas teen observednear tho leading
edge on’tho upper surfacoof airfo”ilsjust before the
stall (reference6). In the ap~li~ati.onof those concepts
to bhe flow on the u~mer surfaceof an airfoil,an attempt
has been made to calculatethe variationof maximum lift
coefficientwith ReynoldsNumber.. ---

tilati~ns on the annlicati9Zlto an airfoil Sectio~.~
Before the conceptsdevelopedfromthe a~alysisOf the
transitionregion along the plate pan be.applied to other
bodies! the flow conditionsin the;boundary”layer along
the body must be examined to see what relationthey bear
to the conditionsalong the relate. Severalboundar~-layer
calculationsby the von K~~mZn-Millikanmethod_have shown
that: in most cases encounteredin.pra.cti.ce,laminar sep-
a.ro,tlon-~ointprofilesare nearly similarin shape. Con-

.

,.

.

.

—.
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siderationof the small region in the neighborhoodof a
separationpoint shows that the only refetencelength
availablefor forminga nondimensionalpressure”gradient
is the boundary-layerthickness $. The nondimensional
pressure gradient is thereforewritten in the form EQ

q ds

whore q is the dynamicpressure outside the~ound-
ary layer.

p, the static pressure.
.,

s, distancealong the surface.

It can %-eshomn that this pressuregradientand the 3ound-
ary-layerReynoldsi?um%er R6 at a laminar ge~ar~tion
point are connectedby the approximaterelation.

R5 6 dp.— = constant
q ds

. This relation shows that, if the value of ‘8 at the lam-
inar separationpointion the airfoil and on the plate ,is

. the same, 8 dpthe value of - —
q ds wtll also be approximat~ly

the same: Under these conditions,the p16te experiments
may be consideredapplicableto the airfoil case.

,.
In addition to the foregoingconsiderations,some

method must be fetid for taking into account the effects
of curvature. The followingassumptions,which are nec-
essary to make the calculationspossible,are not regarded.
as quantitativelyaccurate, They are intro&ced merely to
COmpletf3qualitativelythe picture of transitionas it Oc-
curs on ‘a.curved surface in t’h~presence of an adverse
pressuro gradientwith practicallyzero stream turbulence.

-,-—_”

.L_

‘ ‘Zn the case of the flat plate, the region of quiet ---
air after the separationpoint is necessarilythin ~ecatise
the directionof the out8ide flow iS nearly pa;allel to
the plate. smoke-flowstudiesof various‘bodiesindicate
that, whan separationtakes place on a curved surface,the
flow leaves in a direction-approximatelytangent to the
surfaceat the separationpoint. In the calctilationsit
will thoreforobe assumed that tho flow.leaves the surfaCe

b in a directiontangent to the surfaceat the laminar sep-
nrntion point.

—
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t

On t-heflat plate, the entire length of the transi-
tion regionwas expressedas a cotistantReynoldsNumber
run of 70,000. This value, however,representsthe length
c,orrespondirigt~ the attainmentof a fully developedtur-
bulent boundary-layerprofile,whereas the turbulencemust
begin fartherupstream;at least—theturbulencemay be
consideredsufficientlydeveloped:toprovide the necessary
scouringaction requiredtm prevent separationat a posi-
tion representedby a R~ynoldsNumber run-lessthan 70,000.
For this reason, the distancofrom the laminar separation
point to the point fromtihichthe”tqrbuloncebegins ef-
fectivelyto spreadwill be assumtidto correspondto a
ReynoldsNumber run of, say, 50,0(j0.

Both the theoryof spreading’turbulentjets and ex-
periment show that turbulencetends to spreadin a lin-
ear manner (roforenco7). The angle of spread depends
upon the particularconditions. The case of flow closing
in after ~aminar separationseems to be analogous tO tho
spreading of a jet. For the present it will be assumed
that the branch of the envelopeof,the turbulentflow in-
clined toward tho suifacemakes an angle of 15° with the
lino of separation. This angle is!within the range of
those observodfor spreadingjots of differenttypes. If—
tho spreadingturbulencedoes Dot reach the body, the
boundarylayer cannot re-~tablish”itselfand permanent
separationmay be consideredto have takenplace,

The analysiswas made in the followingmanner. !&e
position of the laminar separationpoint was calculated
accordingto the method of referentie4 after finding the
pressure distributionby the method of reference8 for
severallift coefficients. A straightline was drawn tan-
gent to the profile at.the separa.tlonpoint. bother line,
making an c,rgleof 15° -withthe line of‘separation,was
drnwn tangent to the airfoil surface. The distancefrom
‘theseparationpoint to the point of intersectionof tho
two lines is consideredto represent a ReynoldsNumber.- .

usx~
RT = —v— , ‘of50,000

where Us” is the velocityouts~do the boundarylayer
at tho separationpoint on the airfoil.

‘T is the length of tho line from the separa-
tion point to the point of intersection.

.

.

—

.
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The Reynolds Number of the airfoil correspondingto maxi-
mum lift for the lift coefficientchosenwas then computed
according to tho relation .-

U
R . 50,~oo -Q &

us XT ..

where U. is the referencevelocityfor the airfoil.
—.

c, the airfoil chor~.

Fi~ure 10 shows the graphicalconstruction,for one lift
coefficient, on the N;A.C.A. 2412 airfoil section.

Figure 11 gives a comparisonbetween the experimental
variation of the tiaximumlift coef-ficientw~Reynolds .
Humber”(reference”9)and the cal~lated v~.lucks.“Bythe
Reynolds Number range indicatedas the l!rangeof present
experiments”is meant the range of ReynoldsNumbers
throughoutwhich ‘a at the s~pa~a”tio”npoint falls within
the,rangeof .Taluesobtainedon the flat plate. !lJhequzili-
tati~e r.grecmontof the tlvocurves”,especiallythroughout
the range of the present tests, suggeststhat, at moderate
Reynold~Numbers, the generalnature of transition”on the -
upper surface near the leading edge of an airfoil at high- “
angles of attack probably d.00s n-et &iff”eresseti’t”iallyin
characterfrom that discusse&in this report.

.—

~.!uchmore e~erimental data througha wider range of
ReynoldsNumler both On ~ flat plate and on other bodies
arc needed to extend and verify the tentativetheory of “
transitionset forth in the present report. It,eeemsd~ubt-
flllthat tho apparentmechanismof trans~i”iono%serveti in”
the range of these tests would continueo~erati~e‘within-
definite increaseof the Reynolds lTumher.AS this increase
occurs, the transitionregion becomes continuallyshorter
in length, approachingthe order of magnitudeof” 6 at
tho lam:nar separationpoint. .~hisconditionfor the
N.A.C.A. 2412 airfoil,howepor, does riotoccur until R is —-
al)ove7,()()0,()00,when the run is still approximately“1O 8.
A comparisonof the ex~erimentaland calcula”iedscale-
Offect curves indicatesthat turbulent-layersepa”r~tionef-
fects become of major importancebefore this ReynoldsNum-
ber is reo,~ed. .. —.

Langley MornorialAoronautic~lLaboratory,
National Advisory oommitteo for Aoronnutics,

Langley Field, Vae, February 11, 1938.
.——
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